We use agarose gel electrophoresis to characterize how the monovalent catioinic surfactant cetyltrimethylammonium bromide (CTAB) compacts double-stranded DNA, which is detected as a reduction in electrophoretic DNA velocity. The velocity reaches a plateau at a ratio R = 1.8 of CTAB to DNA-phosphate charges, i.e., above the neutralization point, and the complexes retain a net negative charge at least up to R = 200. Condensation experiments on a mixture of two DNA sizes show that the complexes formed contain only one condensed DNA molecule each. These CTAB-DNA globules were further characterized by time-resolved measurements of their velocity inside the gel, which showed that CTAB does not dissociate during the migration but possibly upon entry into the gel. Using the Ogston-model for electrophoresis of spherical particles, the measured in-gel velocity of the globule is quantitatively consistent with CTAB having two opposite effects, reduction of both the electrophoretic charge and DNA coil size. In the case of CTAB the two effects nearly cancel, which can explain why opposite velocity shifts (globule faster than uncomplexed DNA) have been observed with some catioinic condensation agents. Dissociation of the complexes by addition of anionic surfactants was also studied. The DNA release from the globule was complete at a mixing ratio between anionic and cationic surfactants equal to 1, in agreement with equilibrium studies. Circular DNA retained its supercoiling, and this demonstrates a lack of DNA nicking in the compaction-release cycle which is important in DNA transfection and purification applications. 
Introduction
Complexation with cationic lipids is one strategy for delivery of DNA to cells. Binding of the lipids leads to compaction of the DNA coils and to a reduction of its surface charge. Both effects are believed to contribute to the facilitated uptake of the nucleic acids through the cellular membrane [1] [2] [3] [4] [5] . Methods to monitor size and charge of the complexes are therefore helpful tools in the process of screening protocols for packaging the DNA before in vivo experiments are performed. Commonly a titration series is made where the ratio R between concentration of charges from cationic lipid and DNA-phosphate groups is varied, usually in a range that includes the point R = 1 where the number of added positive and negative charges is equal. It is widely accepted that surfactants display a very strong associative binding with DNA inducing its compaction [6] [7] [8] , aggregation [9] , and precipitation [8, 10, 11] . The associative phase behavior presented by these systems and the absence of redissolution with the addition of an excess of surfactant lead to the assumption that the formed complexes in solution are neutral [8, 12] .
Electrophoresis has been used to study the properties of lipoplexes because the mobility reflects their net charge. Mobilities in free solution have been used [13, 14] to quantify the decrease in net charge that results from the added positive lipid charges. Complete neutralization and even charge reversal (net positive charge) have indeed been attained by adding an excess of cationic lipids, with the crossover characteristically occurring at R-values between 1 and 3. Parallel analysis by electrophoresis in gels [13] showed that the complexes were retained in the well, but this was ascribed to that they were too large to enter the gel rather than to that they were neutral. The DNA-lipid complexes studied by Bhattacharaya and Mandal [15] did enter the gel, and they report a decreased velocity (mobility shift) compared to unmodified DNA due to a decrease in net charge upon lipid binding [15] , but again charge-neutral complexes were not observed. The proposed explanation was that the (catioinic) fluorescent dye ethidium bromide (EB) used to detect the DNA zones may have low affinity for complexes with such high amount of cationic charges from the lipid. This is clearly possible since binding of cationic lipids is known to expel EB from DNA [13, 16] .
In addition to reflecting changes in charge, the mobility shifts in gel electrophoresis can reveal changes in DNA coil size caused by surfactant binding. Dauty and Behr [17] reported that complexes with a dicationic detergent migrate faster than the uncomplexed DNA in spite of the positive charges added by the detergent. They ascribed this opposite mobility shift to a counteracting effect of the reduced DNA size upon complexation, from the native coil state to a globule-like complex. Gel electrophoresis is a potential method to study such conformational changes because medically interesting plasmids are in the size range where DNA coils can be size-separated through sieving in the gel pores [18] . In the Ogston model for sieving, the electrophoretic mobility m = v/E is given by [19] 
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where m 0 is the mobility in free solution (no gel), R p the average pore size, and R s is the effective coil size of the DNA molecules, which for native DNA is best described by the radius of gyration [20] . According to the Ogston model a decrease in coil size is thus expected to increase the DNA velocity exponentially, because the smaller coils will collide less frequently with gel fibers. The effect of a reduced electrophoretic DNA charge due to bound surfactant, on the other hand, will in this model be accounted for by a decrease in m 0 .
The monovalent cationic surfactant, cetyltrimethylammonium bromide (CTAB), is one of the most wellcharacterized amphiphilic condensing agents for DNA. The thermodynamic properties of the complexes with dsDNA have been investigated in great detail. A binding isotherm for CTAB to DNA has been measured [6] , and has been modeled [21] by the McGhee-van Hippel theory for cooperative binding to DNA. The phase diagram in absence and presence of added monovalent salt has been established [8] , and the dissociation of the complex by anionic surfactant has been characterized [22] . Importantly, single-molecule fluorescence microscopy has been used to characterize the mechanism of both complex formation [6, 7] and dissolution [22] in terms of a coexistence between the coil and globule state that occurs in an intermediate range of R-values. However, the electrophoretic properties of complexes between DNA and CTAB have not been studied to our knowledge. Our aims were to (i) measure CTAB-induced mobility shifts of DNA in gels and compare with the Ogston model,
(ii) ascertain if charge-neutral complexes do exist at high R-values, accounting for potential artefacts due to poor dye staining, and (iii) characterize the charge and conformation state of the DNA after it has been released from the CTAB complexes by addition of anionic surfactants. The last aspect is important because after delivery, the DNA must become accessible to the enzymatic machinery of the cell. Since lipid complexation is known to inhibit at least certain DNA processing enzymes such as DNAse, [16, 23] it is likely that the transfected DNA can become active only by efficient release from the lipid complex. In vitro such release can be accomplished by addition of anionic lipids, which binds the cationic lipid and release the DNA [8, 15, 24] , and there are indications that such a mechanism may play a role also in vivo [25] . [26] . After the surfactant was added, the samples were left to equilibrate for 30 min if not otherwise stated. To increase sample density for loading purposes 5% ficoll was added, whereas the commonly used loading dye bromophenol blue was avoided since we noted some interaction between the dye and CTAB. Final sample volumes were 20 mL each. All experiments were conducted at 257C.
Materials and methods

Materials
Sample preparation
Electrophoresis
Electrophoresis was used to study both the condensation of DNA by cationic surfactants and the dissociation of the formed complexes by the addition of an anionic surfactant. The samples were run in submarine mode in 50 mm TBE buffer on a 1% agarose gel at 5 V/cm constant field.
For the samples prestained with YOYO-1, the band pattern after electrophoresis was obtained by simply scanning the gel using the fluorescence of the dye with 488 nm excitation and 530 6 10 nm bandpass emission filter. In the absence of YOYO-1, the gel was stained after electrophoresis with EB (0.5 mg EB/mL 50 mM TBE buffer) for 1 h before the scanning using 514 nm excitation and 610 nm long pass emission filter. The position of each zone was taken to be the location of the maximum intensity, because this gives a well-defined position also for the rather broad zones obtained at high mixing ratios. It is seen that the DNA zone exhibits a reduction in velocity (a mobility shift) with increasing R, which indicates that the dominating effect of the binding of cationic CTAB is a reduction of the effective charge in agreement with earlier studies of binding of catioinic lipids to DNA [15] . Figure 1b (squares) shows the velocity of the zone relative to that for the unmodified DNA, v/v (R = 0). The velocity decreases until R = 1.8, after which it reaches a plateau with a finite velocity. Such a biphasic behavior is consistent with a decrease in electrophoretic charge as the amount of bound surfactant increases linearly with R and then saturates approximately at R = 1.2 [6] . Notably the DNA is migrating even for mixing ratios as high as 160, so neutral complexes were not observed (at high R-values there are zones which do migrate towards negative electrode, but control experiments show that they do not contain DNA (see below)). It is also noteworthy that we observe one single zone that is gradually shifted as more and more CTAB is added, and not two discrete zones even at R-values where microscopy has demonstrated coexistence between coiled and globular DNA [6, 7] . This observation suggests that there is an interconversion between globular and coiled states on the time scale of hours characteristic for the electrophoretic analysis.
Results and discussion
Mobility shift due to CTAB-induced condensation of DNA
In the experiment illustrated in Fig. 1a , the DNA was prestained with the cationic dimeric cyanine dye YOYO-1. It has been shown [27] that the effects of YOYO binding on the electrophoretic properties of DNA itself is very small at our staining ratios of one dye per 40 bp, and secondly it has been reported [28] that this tetravalent catioinic dye remains bound to DNA after complexation with CTAB up to at least a charge ratio of R = 10. In order to check to what extent the prestaining affects the process of CTAB-induced compaction, the experiment in Fig. 1a was repeated by complexing YOYO-free DNA with CTAB, and poststaining the gel with EB after the electrophoretic analysis. Figure 1b (triangles) shows that the mobility-shift behavior is similar to those observations with prestained DNA. The velocity again decreases until R = 1.8 after which it reaches a plateau with a finite velocity (i.e., no neutral complexes). The final mobility shift is somewhat smaller with prestaining, possibly because some catioinic YOYO-1 is displaced by the CTAB binding, so that the net reduction of the DNA charge is somewhat smaller than with unstained DNA. The experiments illustrated in Fig. 1 indicate that the lack of observable neutral complexes is not due to staining artefacts.
Similar mobility shifts and lack of neutral complexes were observed in linear DNA of sizes 15, 33, 40, and 48 kbp (results not shown), showing that this behavior is a general phenomenon independent of DNA size between 5 and 48 kp. The subsequent experiments were performed with 5.4 kbp FX174-DNA because it has a similar size as the medically relevant plasmids. We used YOYO-1 prestaining because of the higher detection sensitivity with this dye, and the possibility for repetitive scanning of the same gel after different durations of electrophoresis (see below).
No complex-dissolution due to dilution
One possible explanation for the lack of neutral complexes is that once the samples are loaded in the wells, the DNA-surfactant complexes are exposed to the large buffer-reservoir of the gel, so the lipid is free to dissociate since the gel did not contain free surfactant to impose binding equilibrium. To investigate if the DNA-cationic surfactant complexes were undergoing an appreciable dissolution we performed the following experiment. Samples with R = 5 were prepared and placed in the wells at different times ahead of the electric field application. In this manner the different samples were given time available for potential dissociation by diffusive dilution, covering a time range that included the typical durations for the electrophoresis analysis. Figure 2 shows the resulting gel with samples loaded at different times (between 3 and 0 h before the field was applied) with lanes 1-4 containing the DNA control samples (no surfactant) and lanes 5-11 containing the DNA-surfactant complex with R = 5. There is no significant migration difference between the DNA-surfactant samples, in contrast to the progressively faster migration, which would be expected if the DNA gradually loose more and more of the cationic lipid during the waiting. The results in Fig. 2 therefore indicate that there is no dissolution of the complexes due to dilution effects.
The final four samples in Fig. 2 (lanes 12-15) correspond to complexes prepared with the same final concentration of CTAB but from stock solutions whose concentration was below the surfactant CMC (0.9 mM in this case). This last experiment was performed because it has been suggested [29] that when the surfactant is added in the micellar form the DNA condensation will not be as efficient as when added in the monomer form, so the formed complex could retain some negative charges. However, we observed no assignable differences between the two sets of samples (lanes 5, 7, 9, 11, and 12-15). 
Time-resolved electrophoretic velocity in the gel
A second possible explanation for the lack of neutral DNA-surfactant complexes is that surfactants dissociate during the electrophoretic analysis. To investigate if this occurs, we studied the migration of the complexes as function of time by repetitive scanning of the gel, so that their velocity can be obtained as a function of electrophoresis time. This approach has been used to monitor a migration-induced dissociation of RecA proteins bound to oligonucleotides [30] .
We repeated the experiment of Fig. 1 and the gel was scanned not only at the end of the run, but every 0.5 h for a total of 3.5 h. Figure 3 shows the gel images corresponding to the times 0.5, 1.5, and 2.5 h. The range of mixing ratios R was extended to 200, in order to check that the mixing ratios in Fig. 1 were not too small to reach charge neutralization. As controls for interactions between YOYO-1 and the surfactants we also included samples without DNA but with the same surfactant concentrations as complex samples 6-10 (placed in alternating wells for better comparison). As can be seen in Fig. 3 , both the DNA-containing samples and those DNAfree controls exhibit the same type of bands migrating towards the negative electrode as is observed in Fig. 1 . They thus reflect migration of DNA-free surfactant aggregates, consistent with the observation that surfactants added in excess stay in the supernatant [8] and thus are free to migrate on the gel. The binding of YOYO-1 was unexpected since both the dye and the surfactant aggregates are positively charged, but other interactions (such as hydrophobic attractions between the dye molecule and the micelle core) can be expected since our experience is that YOYO-1 adsorbs to a wide variety of surfaces. Association to the surfactant aggregates is expected to give rise to the observed enhanced fluorescence, since this type of dye acquires an increased quantum yield when internal rotation is hindered [31] .
Turning the attention to the DNA-surfactant complexes, their migration was further analyzed by evaluating intensity profiles after six different electrophoresis times (Fig. 4) , obtained from Fig. 3 . Figure 4a shows the first four lanes in Fig. 3 (R 1.7), and Fig. 4b the profiles for the samples with mixing ratios above 1.7, including the latter again for the sake of comparison. As the migration proceeds, the sample with R = 0.5 (lane 2) exhibits a delay in the migration (a mobility shift) compared to noncomplexed DNA (R = 0, lane 1), and sample R = 0.8 (lane 3) even more so. At the same time the peak intensity of the samples R = 0.5 and 0.8 decreases slightly, but this effect is seen also with the noncomplexed DNA and is mainly due to a zone-broadening caused by the migration. The widening (and hence the intensity drop) is somewhat more marked with R = 0.8 as seen in a weak shoulder appearing on the low-velocity side of the zone. Notably, for R = 1.7 (which is above charge neutralization) the mobility shift is much more pronounced and the zone is considerably wider than for samples R = 0.5 and 0.8 (and the noncomplexed DNA). Figure 4b shows that for the samples with R equal or superior to 5 we observe the same broad band as in lane 4 (R = 1.7), but also the appearance of a second (but still overlapping) peak on the low-velocity side of the zone.
If the mobility shift in Fig. 4 is analyzed by plotting the final position of the main peak (after 2.5 h of electrophoresis) versus R, one obtains a graph very similar to Fig. 1b , with a plateau velocity again being reached at R = 1.8 (results not shown). This conventional band-shift analysis can be improved, however, by using the data from all scans. When the position of the main peak is plotted versus the duration of the electrophoresis we obtain a linear dependence for each sample (Fig. 5) , and the same is observed for the second slower peak observed for higher R-values (Fig. 5 , lowest set of curves). This means that the velocity of migration of each band was constant during the electrophoresis, which shows that there is no significant loss of surfactant from the complexes during the migration inside the gel. If the surfactant did dissociate, the velocity is expected to increase with time in a manner reflected by the increase in velocity with decreasing mixing ratio (Fig. 1b) . Such an increase in zone velocity was observed when RecA proteins gradually dissociated from complexes with DNA during migration [30] .
Importantly, the mobility change seen in a conventional shift plot (Fig. 1b) based on the final zone position does not only reflect the velocity inside the gel (i.e., the slope of the linear fits), but also reflects the fact that the fits do not always pass through the origin. In Fig. 5a such an effect is observed for samples with R . 1.7, which indicates that a substantial contribution to the relatively large shifts at those R-values is that the complexes are delayed upon entry into the gel compared to noncomplexed DNA. One possibility is that the delay reflects an even lower initial charge at high R (closer to neutrality), which is partly removed by loss of bound lipid as the coils enter the gel. The other possibility that initial complexes contain several DNA molecules and (slowly) break into individual com- Entry-effects on the apparent mobility can be eliminated by using the slopes, in order to monitor the true complex velocity that the complexes exhibit once inside the gel. Figure 5b shows the in-gel velocity (v) plotted versus the charge ratio (R). The main peak exhibits an initial decrease in velocity followed by an increase to reach a plateau velocity, which is of the same magnitude as the unmodified DNA within experimental uncertainty. The minimum in the velocity as a function of added surfactant (occurring at R = 1.8) shows that the velocity is governed by two opposing factors, in agreement with the prediction of the Ogston model (Eq. 1). The initial decrease most likely reflects that binding of the cationic lipid initially leads to a decrease in the net charge, i.e., smaller m 0 in Eq. (1). The following increase in velocity probably reflects a decrease in DNA size R s since additional binding of the cationic surfactant is unlikely to increase the electrophoretic charge (m 0 ) of the complex. A decrease in effective DNA size, occurring at high enough R, is consistent with that CTAB is known to induce a coil-to-globule transition, but only at high enough surfactant concentration [7] .
DNA-CTAB complexes contain one DNA molecule
In order to model quantitatively the effects on the electrophoretic mobility of CTAB-induced changes in DNA conformation and charge, we first show that the aggregates studied are monomolecular with respect to DNA. This observation allows us to use the well-known sizes and charges of individual native DNA coils, and to invoke the properties of CTAB-induced globules as measured previously by others on individually compacted DNA molecules by fluorescence microscopy. To monitor the number of DNA per complex we performed CTAB condensation on a mixture of T7 and FX DNA. If the globules are monomolecular, two distinct zones of condensed DNA should be observed, but if on the other hand, complexes contain several DNA molecules, a distribution of complexes also of intermediate sizes is expected. The experiment was performed at R = 5, where the CTABbinding saturated (Fig. 1b) , and at the same total DNA concentrations as used in the experiments here (0.02 mg/ mL), as well as at twice that value. The results at 0.04 mg/ mL (Fig. 6) show that the intensity distribution of the mixture is equal to the sum of distributions obtained if the two DNA sizes are run in separate wells, and the same obser- Figure 6 . Intensity profiles versus distance along the gel after electrophoretic analysis of complexes between CTAB and FX174 and T7 DNA, either in a mixture of the two DNA types (thick solid line) or with the two DNA types run in separate lanes (dotted and DNA size indicated). Thin solid curve shows the sum of the dotted curves. In all three samples the concentration of each DNA was 0.02 mg/mL and R = 5.
vation was made at half the total DNA concentration (results not shown). We conclude that under our conditions the migrating zones contain individually condensed DNA molecules, as was also noticed by Dauty and Behr [17] when DNA of similar sizes and concentrations were condensed with a cationic lipid.
Modeling the electrophoretic mobility of the complexes
In order to use the Ogston model to estimate the change in mobility when the DNA-size and -charge changes as the globule forms, we first note that in Eq. (1) the average pore radius is R p = 137 nm for 1% agarose [32] . The Ogston-predicted electrophoretic mobility in the gel for the noncomplexed FX174 DNA is then 0.9 6 10 24 V?s?cm 2 ( Table 1 ). The reasonable agreement with the experimental value 0.8 6 10
24 /V?s?cm 2 supports that the Ogston model applies under our conditions. For the CTAB-induced (single molecule) globule we assume a fivefold reduction in the effective hydrodynamic radius compared to the coil, as was observed for T4-DNA (166 kbp) [7] . Secondly, the added positive charge at saturated CTAB-binding is estimated to give a resulting net charge of 0.3e per DNA phosphate, based on a modeling [21] of the binding isotherm [6] . The DNA thus retains some net charge even at saturated CTAB binding because the binding site size is 1.4 DNA phosphate per bound CTAB [7] , consistent with a proposed steric crowding of the surfactant head groups on the DNA [6] , and with simulations [33] indicating that complete neutralization is not necessary for the globule to form. Our estimation of the globule mobility neglects deviations from the free-draining electrokinetic behavior characteristic of DNA coils. However, a reduction of the free-solu- from contour length L c = 0.34 nm/bp and persistence length P = 50 nm. For globule a fivefold reduction is assumed (see text). c) Calculated according to Eq. (1), using R p = 135 nm [32] d) Calculated from the velocity 14.7 mm/h for both noncomplexed DNA and saturated globule at 5 V/cm (Fig. 5b) tion mobility to m 0 (globule) = m 0 (coil)?0.3 seems reasonable, as it is somewhat weaker but comparable to the reduction by a factor of 0.14 observed for the globule induced by spermidine [34] , which is trivalent compared to monovalent CTAB.
Combining the opposite size-and charge-effects, the Ogston model predicts the mobility of the CTAB-induced globule in the gel to differ from that of the coil by less than 10% (Table 1) , which is in agreement with that we observe very nearly the same DNA velocity in the gel at high R as for the noncomplexed coil at R = 0 (Fig. 5b) . These calculations support that the mobility change upon globule formation is the net result of two rather large but opposing effects. Such a near cancellation may explain why with some other cationic lipid condensing agents the mobility for the globule is actually higher than for the noncomplexed DNA [14] . The fact that the velocity passes through a minimum (Fig. 5b) suggests that the charge effect precedes the size effect in the titration, in agreement with that CTAB binding proceeds progressively at R-values well below the point of onset of globule formation [6] .
Release of DNA from the globule
It has been observed earlier [8, 35] that anionic surfactants can be used to release the DNA molecules, which have been compacted by interaction with cationic surfactants. This decompaction behavior was shown to be dependent on the anionic surfactant chain length but showed no dependence on the hydrophobicity of the cationic amphiphile [8] . Here, we use electrophoresis to monitor the dissociation of the complexes, and as an extra twist we use the supercoiled form of the FX174 DNA so that potential nicking could be used to assess the status of the released DNA. Figure 7a shows the image of the gel from a combined association/dissociation study with supercoiled circular DNA. The surfactant association (Fig. 7a, top) resulted in the same kind of mobility shift (and zone broadening) as was observed for the linear form ( Fig. 1) , again pointing to the generality of our observations. The DNA sample contains trace amounts of relaxed circular and linear DNA, which migrate more slowly (square 4 in lane 2, Fig. 7a ) than the supercoiled form under the present conditions (as determined by the photocleavage behavior [36] ).
The DNA-cationic surfactant sample corresponding to R = 5.0 (where compaction was deemed complete) was then subjected to a titration series with increasing concentration of the anionic surfactant SDS (Fig. 7b) . For mixing ratios,
] of anionic and cationic surfactants below 0.9, the anionic surfactant leads to several wide zones, suggesting a broad distribution of complexes with respect to size and/or charge during the dissolution process. Here the focus will be at mixing ratios above S R = 0.9 where a zone of the same velocity and shape as noncomplexed DNA (lane 2) starts to appear, and above S R = 1.0 the DNA molecules seem to be fully released since both the position and width of the zone are close to those observed with noncomplexed DNA. Similar reversible behavior was obtained with linear FX174 and lDNA (results not shown), hence successful release does not depend on the molecular weight or topological state of the DNA molecules.
The required surfactant mixing ratio we observed for complete release is in good agreement with the one previously obtained using fluorescence microscopy [22] , in spite of the concentrations of both DNA and cationic surfactant being about 100-fold lower in the microscopy experiments. The decompaction of DNA was shown to occur through the formation of mixed surfactant aggregates, which was described [22] as a critical micellar concentration for the surfactants' mixture (CMC mixt ). Whereas the single-molecule nature of fluorescence microscopy allowed us to determine the onset of this dissociation when the first DNA molecules are decom-pacted, the present ensemble-averaging technique rather monitors the mixing ratio S R that is required for complete dissociation of the CTAB-DNA complexes.
From Fig. 7b we can estimate how large fraction of the DNA is recovered intact after the process of compaction and release, since the supercoiled form can be separated from the relaxed circular and linear molecules that would potentially result from single-strand nicking and doublestrand breaks, respectively. The ratio between the supercoil and other two forms was about 82/18 for the noncomplexed DNA (squares 2 and 4, respectively, in Fig. 7a) , while it was 78/22 (squares 1 and 3, respectively) after this sample had undergone aggregation and dissociation by oppositely-charged surfactants. This means that about 95% of the supercoiled DNA was recovered in this native form after the release. Considering the sensitivity of the assay (one nick per 5486 bp is detected) this observation adds considerabe support to the conclusion [15] that the process of compaction of DNA by cationic surfactants is reversible upon the addition of anionic surfactants, as based on circular dichroism, EB binding, and DNAse protection. The absence of nicking is particularly important if compaction release is to be used for plasmid purification.
Dissociation of the DNA-CTAB complexes was also performed using the anionic surfactant SOS (results not shown). This surfactant, due to its shorter hydrophobic chain, is much less efficient than SDS; only at a mixing ratio S R of about 10.0 did the first dissociated DNA molecules become visible and the majority of them were recovered to the solution only for S R equal to 30.0. These results are also similar to those previously obtained by fluorescence microscopy [22] .
